With the extension of life span and advances in medical technology, there has been an increasing number of operations and procedures for human organs that were previously impossible. Successful completion of complex surgery requires considerable trial and error and medical training, which is costly and risky. To deliver a realistic feeling in virtual surgery, it is essential to know the distribution of the stresses to produce the repulsive force associated with the deformation of the organ. However, it is not possible to measure or calculate in real-time stresses of the necessary parts while observing the actual organ movements during the operation. We propose a method called the cell element method, which calculates the real-time stress by applying an external load to a soft tissue specimen. A combination of an image-processing technique along with a camera and the cell element method based on finite element method makes it possible to provide the calculated stresses as the loadings apply. For the verification of the method, we used the method of calculating the stress by measuring the strain by applying the load using the specimen made of PVC. The results are relatively close to those of finite element simulations under the same mechanical conditions.
Introduction
With the recent emergence of computer technology, the application of this technology is expanding in a wide range of fields, such as the medical field. It is not uncommon to hear news about surgery of a robot or virtual reality machine with a doctor in the near future. However, dealing with human organs with machines raises concerns that there must be rigorous testing of the operation with the machine. Reducing time and money can be useful if physicians or medical students can build a virtual reality system that can experience the actual "touch and feel" of the human body as they operate. The haptic feedback generated by the machine should be as realistic as possible in order to allow the physician to feel the physical reaction of the virtual surgical machine when the doctor is performing the surgery. Here, haptic feedback represents a physical response when a physician touches a soft tissue with a scalpel for surgery. Therefore, creating the actual reaction as much as possible is a key challenge for virtual surgery machines. The mechanical response of a medical device's haptic, or soft tissue, is being implemented on the machine through a mathematical model involving a variety of experimental data. For example, a constitutive model of brain tissue for finite element analysis of surgical procedures (Miller, 1999) , modeling of nonlinear elastic tissues for surgical simulation (Misra et al., 2010) , and a development of a simulator for human heart function (Baillargeon et al., 2014) were reported. To simulate the mechanical response of soft tissues under various loadings, reliable mathematical models should be developed based on known mechanical frameworks such as continuum mechanics, thermodynamics, and nonlinear kinematics etc. A pioneering research on various soft tissues may be ascribed to (Fung et al., 1979) . Indeed, mathematical modeling of different types of soft tissues has been blooming recently.
For instance, an aneurysm is a disease of blood vessels swelling owing to the pressure of blood flow; thus, it is important to conduct the stress analysis based on the patient-specific clinical pathology, so that Mathematical modeling of blood vessels such as artery have great attention, such as the abdominal aortic aneurysm expansion based on local wall stress and stiffness (Helderman et al., 2008 ), a material model of abdominal aortic aneurysms (Rodrıguez et al., 2009 ). Accordingly, a large volume of studies of mathematical modeling for blood vessels has been conducted: a mathematical model for human aortic heart valves (Cataloglu et al., 1975) , and three-dimensional stress distribution in arteries (Chuong and Fung, 1983) . Since the interaction between blood vessels and blood flows is known as a major cause of an aneurysm, wall mechanics has become an important subject: arterial wall mechanics (Horganand Saccomandi, 2003) , constitutive framework for arterial walls (Balzani et al.,2012) , mechanical behavior of the arterial wall and its numerical characterization (Holzapfel and Weizscker, 1998) , experimental study of measuring the mechanical properties of arterial walls (Hayashi, 1993) , and finite element models for arterial wall mechanics (Simon et al., 1993) . As a concrete analysis tool, finite element method thus plays an important role in mathematical modeling including simulation of the mechanical behavior of soft tissues: finite element implementation of large strain isotropic elasticity (Miehe, 1994) , inverse stress analysis of abdominal aortic aneurysms (Lu et al., 2007) , elastic properties and wall stresses of saccular cerebral aneurysms by inverse analysis (Kroon and Holzapfel, 2008) , automatic generation of the surface for abdominal aortic aneurysm models (Shum et al., 2011) .
Thanks to high-performance computer technology, which makes it possible for the digital image techniques to be carried out simultaneously. Thereby, this combined analysis tool for soft tissues has attract much attention lately such as verification of brain tissue incompressibility using digital image correlation (Libertiaux et al.,2011) , imaging technology for unstable abdominal aortic aneurysms (Sever and Rheinboldt, 2016) , image-based modeling of vessel wall dynamics (Taylor and Steinman, 2010) , real-time patient-specific finite element analysis of stresses in the soft tissues (Portnoy et al., 2007) , real-time deformable models of nonlinear tissues (Niroomandi et al., 2008) , elasticity reconstructive imaging by stimulated MRI (Chenevert et al., 1998) , and biomechanical 3-D finite element modeling of the human breast using MRI data (Samani et al., 2001 ). On the other hand, a number of studies have been conducted so that surgeons can use digital image technology for virtual surgery to develop and train new surgical methods. (Talyor et al., 1995) . The use of assistive robots as assistants to collaborate with laparoscopic surgeons has been mentioned. A study on the application of Fig. 1 The entire procedure of the cell element method is divided into two sub-processes. The process 1 consists of a construction of cell elements, image capturing, and image storing and camera manipulations. As for process 2, the schematic diagram of the digital image technique consisting of constructing cell element, capturing images, processing image, calculating stress, and plotting results is shown. Without any intervention, the entire procedure is conducted through an in-house pilot device developed with software and hardware combined. a 3D solid volume finite element model to virtual surgery simulations (Bro-Nielsen et al., 1996) . In addition, research on the development and application of fundamentally important issues in medical image analysis has been reported to be developing rapidly (McInerney et al., 1996) . Interesting topics on minimally invasive surgery simulations based on virtual reality for training purposes (Baumann et al., 1998) , virtual reality simulators to train beginner laparoscopic surgeons (Aggarwal et al., 2006) , simulation of virtual reality surgery for cutting and contraction of neurosurgical surgery using force-feedback in neurosurgery (Wang et al., 2006) , 3D virtual 3D computerized tomography (CT) of the jaw with a virtual reality force feedback haptic device with a finite element algorithm to efficiently simulate nonlinear tissue materials for interactive simulation applications such as the use of virtual systems for implant surgery using images (Kusumoto et al., 2006) and virtual surgery (Tang et al., 2014) have been recently announced.
The real-time stress calculation procedure in this paper is composed of several steps: constructing cell elements, capturing image, processing image, calculating stress and displaying the results. This paper is organized as follow: In the method section, a whole procedure for the stress calculation via the digital image technique, which is named the cell element method, is explored. Three examples along with test results using universal testing machine are made for the validation of the method in the result section. Finally, some concerns on the result and a list of further study are added in the discussion section.
Method
An application of a digital imaging technique, which is named the cell element method (Choi, 2016) , onto real-time stress calculation for developing virtual surgery machine is illustrated in detail. The method consists of several procedures leading to the real-time stress calculation in local areas of interest in a specimen. These procedures are of a construction of cell elements on a specimen before putting loadings on it, capturing images during the motions, calculating the stress with captured data, and printing the results on the screen, which a schematic of the whole procedure is depicted in Fig.1 .
Image-processing procedure
Firstly, specimens are prepared to be carried out material tests using a universal material testing machine. The next step is of construction of the cell elements established by putting markers on the specimen before the tests. That is, each marker becomes a member of the cell elements; thus, the markers are to represent finite elements in finite element methods. In Fig.2 , a specimen made of PVC (Poly Vinyl Chloride) with the dimension 30 mm×60 mm×2 mm, is to be pulled by the testing machine. Also, the grids consisting of markers in circular dots are overlaid over the specimen, which grids construct the cell element shown on the left in Fig. 2(a) . Secondly, this is about capturing images while the test is executed, that is, images taken through a camera in the designated segments of time, which is 1 second in this paper, are immediately sent to an in-house image-processing program written in the Python script language (Python Software Foundation, https://www.python.org). The result from the image processing is shown in Fig. 2(b) , where each node is successfully identified by the program and appeared as a white circle. The program yields the movement of the nodes or points of the cell elements during the test, that is, the physical coordinates of each node of the cell elements. The last procedure with the image-processing program is of the generation of the coordinates of the nodes of an element as shown in Fig.2(c) . Once the image-processing is over, the coordinates are sent to the stress calculation program immediately.
Deformation calculation
In this section, how the deformation according to the finite deformation theory is determined with the coordinates of the nodes of an element is explained by taking triangular cell elements shown in Fig.3 . The cell element turns out to be a physical element constructed by the markers on a specimen. In this example, only three markers are used to construct an element; however, the number of markers can be increased depending on the type of an element. In order to obtain the stress over an element, the deformation during the motion must be known first, the use of the mathematical model can be used to calculate the stress. Thus, the next step is to obtain the deformation of cell elements. In Fig.3 , the element consists of three nodes is depicted over time; thus, the motion (A-B-C) of the element is captured through the imageprocessing program resulting in the coordinates of the nodes at A, B, and C, respectively. Suppose that A is assigned as the initial configuration and the B as the current configuration, that is, the element deforms from A to B. The relation between two configurations can be defined as
, where the coordinates of the markers or nodes in the initial configuration being X , x for the current coordinates and  is the mapping function interacting between two configurations, which is usually unknown to be determined. Since the deformation of soft tissue is usually larger than conventional materials, it is rather right to employ the finite deformation theory instead of the infinite deformation theory. In this paper, the theory of non-linear continuum mechanics is applied over all. Furthermore, it is beneficial for one to use for isoparametric element because the flexibility in the shape of cell elements, which implies much freedom on the decision of the initial coordinates of cell elements. Upon employing isoparametric element concept as shown in Fig.4 , the coordinates at the initial and current configuration are expressed as 
In the final stage, the last procedure of the cell elements method for stress calculation is exemplified through the accompanying examples in the following segment.
Stress calculation
Before determining the stress over cell elements, the constitutive equations must be known, which are derived from the theory of hyperelasticity and experiment data. A collaboration of a mathematical model and corresponding experiment data is an essential procedure for the identification of mechanical parameters. Interestingly, most mathematical models available to date are based on hyperelasticity, which is a solid theoretical ground for various soft tissues because of its simplicity in the derivation of stress versus strain relation. Taking a derivative of a strain energy function with respect to deformation or strain to obtain a stress-strain relation is a rather simple procedure compared to the use of other material models such as hyperelasticity-based models. Thus, stress can be expressed as a function of strain without considering the deformation history, which gives researchers much freedom in testing various mathematical models to meet different realistic conditions. There are a few material models based on hyperelasticity such as neo-Hookean, Mooney-Rivlin, Ogden and so along. Primarily, biological soft tissues are mostly incompressible, which means the volume preserves during large deformation. The significant ingredients of soft tissues are nonlinear elastic, isotropic, incompressible and independent of strain rate. In this section, a procedure of defining a mathematical model for biological tissues based on the phenomenological way is addressed (Bahn and Choi, 2015) .
where X being the coordinates of the nodes of an element at the initial configuration and x at the current configuration, and the first index denotes the node and the second index for the degree of freedom. The shape functions and its derivatives with respective the parent coordinates are given as Choi and Koo, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse. where p is the unknown scalar to be determined by application of the equilibrium equations and respective boundary conditions, the left Cauchy-Green tensors 
Results

Mathematical modeling
In order to examine the method presented in this paper, the whole procedures are conducted using soft tissue like samples made of PVC. Thus, the constitutive equation for the specimen is sought using mathematical models and uniaxial tension tests using a universal testing machine. The specimen has the dimension of 30 mm×60 mm×2 mm. The uniaxial test data are given in a relation of force versus elongated length, which is converted to a relation of stress versus stretch ratio. The data are thus to be used for determining the unknown parameters of mathematical models by a curve-fitting algorithm. In addition to a simplest mathematical model, such as the neo-Hookean model, two-parameter Mooney-Rivlin model is also employed to fit the test data. The energy functions for a soft tissue based on the incompressible neo-Hookean and Mooney-Rivlin model are given by
Mooney-Rivlin model (7) The Cauchy stresses are calculated with Eq. (6) and Eq. (7) via Eq.(5) in the form:
The unknown parameters are determined by a curve-fitting technique: 
Examples
In order to validate the method, three examples are considered: a uniaxial loading, biaxial loadings, and an asymmetric loading. Firstly, the specimens made of PVC are subjected to the uniaxial loading and the results are to be compared to those from finite element methods conducted with ANSYS finite element program (http://www.ansys.com). The number of the finite elements used for this simulation is 36. For the comparison, 8 cell elements are placed on the specimen as shown in Fig.6 . It is noted that the elements of both FEM analysis and the experiment are carefully placed in the same locations on the specimen. Thus, each element of the FEM model corresponds exactly to that on the specimen and the von Mises equivalent stress of the elements with the FEM simulation of the uniaxial test is shown in Fig.7. In Fig.8 , the stress versus the stretch ratio of the element-by-element comparison for element 3, 4, 5, and 6is shown; thereby, it may be stated that the present method works well in the tensile loading case.
The second example is of biaxial loadings. In the example, three different biaxial loadings are considered: Case 1 is about pulling out the specimen by 2 mm in the x -axis and 20 mm in the y -axis simultaneously, 10 mm in the x -axis and 20 mm in the y -axis as case 2, 16 mm in the x -axis and 20 mm in the y -axis as case 3. For the brevity sake, only the results from the FEM simulations with 576 elements at the final stages are shown in Fig.9 . A comparison of the results from the FEM simulation and the cell element method that are broken down into element level are shown in Table  1 .
In the last example, a loading is applied onto only a part of the specimen, thus asymmetrically loaded as shown in Fig.10(a) . The specimen is pulled out up to by 25 mm in -axis using the testing machine. In the figure, it is clearly seen that 24 cell elements are designated for the stress calculation. With the same loading condition, an FEM model with 36 finite elements is setup for the simulation. A comparison of the deformed specimens is shown in Fig.10(b) ,where a picture taken from the experiment is on the left and the result from the FEM simulation is on the right of the figure. As for the stress comparison of two methods, the relations of stress versus stretch ratio for element 7 and 18are shown in Fig.11 . Furthermore, that real-time stress calculation is done with the method is clearly shown by acknowledging that the stresses from the FEM simulation and the cell element method coincide at different times during the material test. 
Discussion
The main purpose of this study is to develop a system that can provide real-time stress distribution for soft tissues, which is difficult to set up a separate measuring device in calculating stress due to deformation of organs during virtual surgery. The method used in this study is called the cell element method. The first step is to construct a cell element by placing an eye marker on the surface of the soft tissue to measure the strain. However, depending on the characteristics of the specimen, it may be difficult to place the marker appropriately. For example, it may be difficult to immobilize the marker on a soft specimen. Also, a soft tissue with high permeability may absorb some of the marker's digital image and the marker may not be visible on the camera. Therefore, it is necessary to study more about the types of markers that can operate correctly depending on the material used as the specimen. A thin solid disc shape marker was used in this study as shown in Figure 6 . Also, there is a technical ambiguity in obtaining the image of the marker in the deformed specimen due to the technical difficulty of extracting the correct image from the original image due to low visibility. To solve this problem, using appropriate ambient lighting and sophisticated image processing software can be a solution. However, in most cases, a proper image processing program cannot be found. Therefore, it is necessary to create a new image processing program for each case. In this study, we developed a separate image processing program which is coded in Python script language and processed image data. To verify the proposed method, it is essential to show that the results of the method are very similar to those of other conventional methods such as finite element method. In Fig. 7 , the compression test results are compared with the results of the finite element method using ANSYS software, and the detailed comparisons are shown in Fig 8. In Fig. 9 , the results of three different biaxial test simulations are shown, and in particular, the elemental stresses are shown for comparison between the two methods at the same height in Table 1 . In this comparison, it was confirmed that the use of the biaxial stress equation derived from Eq. (5) adequately describes the stress of the specimen under biaxial mode. Finally, a more complex load is input and the method of asymmetrically applying a load to only a portion of the specimen is verified as shown in Fig. 10 . As can be seen in Figure 10 (b), in comparison, the specimen markers (marked with dots) show that the motion captured through the camera is very similar to that of the finite element method simulation. Also, as shown in Fig. 11 , the comparison of the stresses in the cell elements shows the accuracy of this method. One of the things to keep in mind when using this method is the effect of shape. The shape of the specimen should, to some extent, influence the viability or feasibility of the cell element method for some obvious reasons. Regarding the shape of the specimen, this method is mainly concerned only with the designated part of interest, not the whole, so it is considered that there is no problem in applying this method in principle even if the shape of the specimen is somewhat irregular. Another problem is when the object becomes three-dimensional. Since most objects to be dealt with in virtual surgery are three-dimensional, it is more difficult to obtain image data from a three-dimensional object than with a twodimensional object. Therefore, in order to capture a three-dimensional image, more sophisticated devices with more cameras as well as a more powerful image-processing system are required. However, even in complex situations as long as image data can be obtained correctly with measurable conditions, the core principles of the method may not be invalidated. Since the specimens used in the present experiments were performed under limited conditions such as 2D planar specimens, more research is needed to process 3D image acquisition and image data. In conclusion, in order to further develop the cell element method presented in this study, it is important to find solutions to overcome various limitations. Such problems are an improvement of the visibility of markers in low light conditions, high-resolution cameras, more efficient image processing programs, high-performance computers, and application of various shapes.
Conclusion
In this study, we proposed a cell element method, which is a method to calculate stress distribution due to deformation of soft tissues caused by an external force in real time for virtual surgery simulation. In order to verify the usefulness and accuracy of the proposed method, material tests were conducted on soft tissues using a material testing machine for comparisons. The experimental results were compared with FEM simulation results. In this study, though it is performed on two-dimensional shapes, it is expected to be used for real-time stress calculation of three-dimensional shapes through further studies. In conclusion, it is expected that the method can be used as basic data to help the development of virtual surgery machine. 
